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RESEARCHOBJECTIVES

The objective of the research reported herein was to

experimentally investigate the strength and failure mode

behavior of woven fabric composite bolted joints.

Experimental studies were conducted on single fastener

bolted joints fabricated from Hercules AS4/2220-3 plane weave

fabric laminates configured in a quasi-isotropic layup. A

careful study of the failure strengths and modes was per-

formed in order to identify the mechanisms involved in the

failure process which could then be used in the formulation

of an analytical failure model for the analysis of strength

in woven fabric bolted joints. The specific research tasks

performed in accomplishing the research objectives is sum-

marized below:

i. The basic mechanical properties (El, E2, GI2,

SI, S2, S6 and v12) and notched strength proper-

ties for the AS4/2220-3 plan weave

graphite/epoxy material system were determined.

2. An experimental investigation of the bolted

joint strength and failure mode behavior as a

function of laminate stacking sequence, fastener

diameter, fastener half spacing, bolt torque and

laminate thickness was conducted for the

AS4/2220-3 plain weave graphite/epoxy material system.

3. Based upon the failure behavior observed in the



m

experiments a failure model was formulated as a

basis for an analytical strength analysis.

The failure model was coupled with a stress anal-

ysis to form a bolted joint strength model and

analytically predicted woven joint behavior com-

pared with experimental results.

ii
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1.0 Background

The performance of composite bolted joints is

controlled by a complex interaction of discrete failure

mechanisms; a condition arising from the heterogeneous an-

isotropic characteristics of laminated composite systems.

Because of this complexity there is still significant

reliance upon experimental characterization of bolted joint

behavior in the design and analysis of composite bolted

joints. While considerable research attention has been

devoted to both the experimental and analytical study of

bolted joint behavior in continous fiber, nonwoven lami-

nates, little has been published on the performance and

behavior of laminates constructed from woven materials. It
I

is worth reviewing the state of the art in composite bolted

joints and what the basis for the anticipated differences in

woven fabric joint behavior is. In this introductory sec-

tion the problem description will be given followed by a

historical summary of what approaches have been used to

date.

i.i Bolted Joint Mechanics

It is worth describing the full complexity of

bolted joint mechanics in order to place the approximate

nature of currently used analyses into perspective. The

principle elements of the bolted joint geometry are sum-

marized in figure i.i-i In the most general case an array

1
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W

P

Double Lap Joint

Single Lap Joint

I i _P

Figure i.i-i Description of Bolted Joint Geometry and Loading-
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of fasteners with interacting stress fields must be con-

sidered. Each fastener in this array interacts with the

adherand laminates by tranferring loads through several

mechanisms. Within the plane of the laminate normal loads

and tangent friction loads are tranferred as shown in figure

l.l-2a which may or may not be constant through the

thickness (figure l.l-lb) depending upon joint configuration

(single or double lap) and fastener deformation. Bypass

stresses arising from non bolt bearing interactions are also

superimposed on the system. For torqued fasteners an addi-

tional frictional surface traction transfers load through

shear into the inplane stress system. The fastener torque

or preload generates an out of plane stress which can be

skewed by load eccentricity (single lap joints). The

interaction of the fastener with the laminate defines a

nonlinear contact problem which is significantly affected by

fastener to hole fit as well as load. The composite lami-

nate has anisotropic, inhomogeous properties while the

fastener typically possesses isotropic properties. As

described the problem translates to a nonlin-ear, laminated,

3-D anisotropic multibody contact problem including fric-

tion.

Ultimate failure strength and mode of the joint

system is dominated by the material properties, laminate

configuration and geometry. For continous fiber constructed
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laminates typical stiffness anisotropy ratios, (EI/E 2) are

15-20 and strength ratios of 25. Because of this

orthotropy, stacking sequence effects can lead to detrimen-

tal interlaminar stresses which contribute to lower effec-

tive joint strengths. The small inplane anisotropy ratios,

stiffness and strength, of fabric plies and the geometric

undulation of the fibers have been shown to influence the

elastic and strength properties of woven fabric laminates

under general inplane loading conditions. While the fabric

construction lowers the specific strength and stiffness pro-

perties slightly in comparison to unidirectional continuous

fiber materials, the interlaminar stresses generated at free

edges are smaller which translates to better strength proper-

ties for certain laminate configurations and stacking

sequences. Additionally, the bidirectional strength

integrity of each ply and the lower stiffness may play a

role inhibiting damage propagation from the loaded edge of

the fastener.

A composite bolted joint strength analysis is com-

posed of a stress analysis, a strength model and a failure

hypothesis. Due to the complexity of the joint mechanics,

the stress analysis and the strength model only approximate

the real system; as a result the failure hypothesis is nor-

mally manipulated empirically to corellate with experimen-

tally measured behavior. These semi-empirical approaches
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are useful in preliminary design but are limited in genera-

lity of application requiring appropriate empirical data

bases for calibration.

1.2 Summary of Bolted Joint Analysis Techniques

The strength and failure mode behavior of com-

posite bolted joints has been investigated for almost 20

years without the development of an acceptable general

strength and failure mode analysis. Early approaches to

composite bolted joint design were empirical extensions of

basic strength of materials calculations used for metal

[1-3]. The analyses identified three distinct failure modes

bearing, shearout and net tension with associated failure

strengths determined from reduced section stresses. Often

ratios between failure strengths and ultimate unnotched ten-

sion strengths were used to define stress concentration

factors for practical ranges of joint geometry, material

system and laminate configuration. Empircal analysis is

accurate (provided the experimental data is accurate) and

simple to use but requires unacceptably large data bases

which are expensive and time consuming to develop and main-

tain.

For several years investigators attempted to develop

more sophisticated strength analyses by improving the stress

analysis and employing strength criteria which rely upon
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basic mechanical properties [4-17]. Early efforts looked at

approximate analytical methods, the most significant being

an orthotropic 2-D linear elastic plane stress analysis

based on a complex variable elasticity solution credited to

Leknitski [15]. This analytical solution is for a loaded

hole in an infinite plate with finite width correction.

Several versions of the analysis have been documented dif-

fering mainly in how the boundary conditions are imposed;

Waszczak [7] employed a cosine normal stress distribution

while Oplinger [5] employed a collocation procedure for

spec-ifying the displacements. Collocation procedures have

been recently reported by Zhang [16] which incorporated

friction between the fastener and hole boundary and Hyer and

Clang [17] which incorporated friction, fastener deform-

ation, and contact area effects. In order to obtain more

accurate stresses finite element analysis began to dominate

the reported research. Still the analyses were predomin-

antly restricted to 2-D linear elastic plane stress solutions

assuming perfect fastener fit [4-6, 12, 14, 18, 19]. Again

the main differences arise in the choice of boundary con-

ditions. The cosine pressure distribution and fixed dis-

placements along the partial hole boundary dominate the

literature. There are three notable exceptions where new

approaches have been reported. Matthews, et al [19] devel-

oped a special 3-D finite element to analyze stresses in

laminated composite bolted joints but did not couple the
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analysis to a 3-D failure analysis. Springer and Chang

[14] have developed a nonlinear finite element model to ana-

lyze composite joints and coupled that analysis to the cri-

tical distance models described below. Tsujimoto and Wilson

[20] developed an elasto-plastic finite element model and

coupled it to a damage density criterion.

Several failure models have been coupled to the

2-D stress analyses; Eisenmann and Waddoups employed a

linear elastic fracture mechanics (LEFM) criterion.

Waszczak used the Tsai-Hill criterion [7] along the hole

boundary on a laminate basis and Oplinger the Hoffman cri-

terion [5] on the hole boundary on a ply-by-ply, first ply

failure basis. Garbo and Ogonowski [ii] incorporated the

ability to use maximum stress, maximum strain, Tsai-Hill,

Tsai-Wu and Hoffman criteria at constant critical distances

from the hole boundary. Their analysis suppressed first ply

matrix failure. Soni employed a tensor polynomial strength

model with the failure hypothesis that failure occurred at

the first location in which the strongest ply at that loca-

tion failed. The point and average stress criteria have

been used by several investigators. Wilson, et al [8,9] and

Ramkumar [i0] applied the models along specific failure planes

corresponding to failure locations for the three primary

modes. Chang, Scott and Springer extended the point stress

concept to a characteristic curve around the loaded half
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plane of the fastener and employed the Yamada-Sun strength

model in a ply based first ply failure analysis. These

semi-empirical strength models can be calibrated to the

bolted joint behavior of a given laminate class and material

system and have been shown to provide reasonable accuracy

for nonwoven laminates. Only basic mechanical property data

and bolted joint strength data for two fastener sizes is

needed for the calibration of the model. Limitations on the

applicability of the semi-empirical models have been shown

for certain combinations of laminate configuration and

geometry [21] but these models represent an improvement over

the previous generation of failure models.

It is the intent of the research reported in this

publication to describe the influence of special woven

fabric characteristics on the behavior of mechanically

fastened joints in plain weave AS4/2220-3 rubber toughened

graphite-epoxy material and to develop a suitable strength

analysis. The applicability of the new models has not been

tested for woven fabric composite systems. In order to

develop an analytical failure model to describe the strength

and failure mode behavior of composite bolted joints the

behavior of bolted joints in a woven fabric system must be

experimentally characterized. The relationships between

strength, failure mode and geometry determined from experiment

along with an understanding of the basic failure mechanisms
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provide the basis for development of a semi-empirical model

for the woven fabric system. Details of the experimental

method, the stress analysis, failure model and strength ana-

lysis are given in the sections which follow along with a

comprehensive discussion of the results.



2.0 Experimental Program

The experimental program which was proposed in this

research grant was designed to compliment a much larger

comprehensive program which was to be performed at NASA

Langley Research Center. The primary objectives of this

program's proposed tests were to characterize geometry

dependent strength and failure mode behavior and to identify

the failure mechanics of the fabric based system.

The experimental program consisted of three basic

tasks: i) the measurement of strength and stiffness proper-

ties for the AS4/2220-3 woven fabric system; 2) the charact-

erization of tensile notched strength behavior (unloaded

holes); and 3) characterization of bolted joint strength and

failure behavior. The test programs are outlined in tables

2.0-1 and 2.0-2. The extent of the proposed test matrix

reflects intent of the principal investigators interact with

the NASA program to round out the data base. Unfortunately

the NASA part of the project was cancelled hence only a par-

tial data base developed for the material.

2.1 Material

At the request of NASA Hercules AS4/2220-3 rubber

toughened graphite epoxy prepreg material was chosen for the

program. The material was a plain weave fabric woven from

ii
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Table 2.0-I

Strength Test Program

Laminate

(0/90/+45/+45/0/09) 2s

( 0/90/+45/+45/0/90) 6s

(+45/0/90/0/90/+45) 2s

(+45/0/90/0/90/+45) 6s

Thickness

O. 127in(3.2mm)

O. 127in(3.2mm)

O. 127in(3.2mm)

0.127in(3.2mm)

0.382in(9.7mm)

0. 382 in(9.7mm)

0.382in(9.7mm)

0.382in(9.7mm)

O. ll6in(2.95mm)

O. 116 in(2.95mm)

O. l16in(2.95mm)

O. ll6in(2.95mm)

0. 391in(9.93mm)

0.391in(9.93mm)

0. 391in(9.93mm)

O. 391 in(9.93mm)

Notched Size

O.125in(3.2mm)

0.250in(6.4mm)

0.375in(9.5mm)

0.500in( 12.7mm)

O. 125 in(3.2mm)

O. 250 in(6.4mm)

0.375in(9.5mm)

0.500in(12.7mm)

O.125in(3.2mm)

O. 250in(6.4mm)

0.375in(9.5mm)

0.500inl 12.7mm)

0. 125in(3.2mm)

0.250in(6.4mm)

0.375in(9.5mm)

0.500in(12.7mm)

3

3

3

3

3

3

3

3

3

3

3

3

3

3

3

3
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Table 2.0-2

Bolted Joint Test Program

Test Variable Configuration

Laminate Stacking Sequence Ix = (0/90/+45/+45/0/90)Ns

II x = (+45/0/90/0/90/+45)Ns

N = 1-6 x - a-g

Fastener Diameter 0.500in(12.70mm)

0.375in (9.53mm)

0.188in(4.80mm)

Edge Distance (e/D) 4.0

Fastener Half Spacing (w/D)

Fastener Torque/Clamping Pressure 25, 50, 100in.lb/500psi

50,100, 100in.lb/1000psi

Laminate Thickness (t/D) 0.33

0.66

i .00
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3K fiber tows in a standard density of 12 yarns per inch.

The first batch of the plain weave fabric was defectively

prepreged and in the interim period of waiting for the

replacement material (which turned out to be 18 months) a

plain weave material of similar construction with Hercules

3501-6 resin was used to perform some testing to evaluate

failure mechanics and mechanisms. The cured ply thickness

for both prepregs was approximately 0.011 in./ply.

Laminates were made using standard procedures with

manual compaction of the plies after the addition of each

new ply. The standard processing cycle recommended by

Hercules for AS4/2220-3 continuous fiber unidirectional

(nonwoven) composites was tried and found to be inadequate in

curing the woven fabric panels. Excessive bleeding of the

resin from the top surface resulted in poor surface finish

and in come cases an excessively dry top surface. A modifi-

cation to the Hercules cure cycle and bagging procedure was

developed to obtain the desired laminate quality and surface

smoothness. It is a side bleed technique using caul plates

on the top and bottom surfaces. The modified cure schedule

is outlined below.

Cure Cycle

Hercules AS4/2220-3 Woven Fabric

I. Place prepreg in vacuum bag and draw vacuum of

30 in. Hg.

Place system under vacuum in the autoclave.

2. Apply pressure (70-80 psi).
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3. Vent vacuum to atmosphere at approximately 20

psi pressure.

4. Begin heating at 3-5°F/min.

5. Hold temperature at 350°F for 2 hours.

6. Cool down to 200°F under pressure (pressure

may decay as temperature decreases).

7. Release pressure and remove from the
autoclave.

The side bleed bagging arrangement is shown in figure 2.1-1.

This arrangement worked well for both fabric based systems. Any

bleeder material used on fabric surfaces tends to wick out the

resin between the fiber crossover points and result in rough sur-

face characteristics. In order to achieve satisfactory surface

smoothness the side bleed bagging technique was employed on the

AS4/3501-6 system in combination with the normal cure schedule

for the 3501-6 resin system.

2.2 Specimen Fabrication

All of the test specimens were fabricated from

panels layed-up and cured according to the procedures

described above. Ultrasonic c-scan evaluation was used to

evaluate laminate integrity prior to cutting test coupons

from the panels. Specimens were not fabricated from flawed

panels or portion of panels with flaws.

Since the properties in the warp and fill

directions of fabrics are not necessarily the same, the
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Bleeder Material

Top Caul Plate

TX 1040

Laminate

Bottom Caul Plate

Peel ply

Figure 2.1-1 Processing Bag Arrangement For Side Bleed Cure.
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following laminate convention was adopted and used con-

sistantly throughout the research program. The warp direc-

tion is designated the 1 direction (the direction along the

fabric roll) and the fill direction the 2 direction. Each

ply of the fabric material therefore consisted of an inter-

woven (0/90) unit where the 0 ° degree direction corresponds

to the 1 direction. When rotated in the plane 45 ° the

lamina unit becomes a (_45) unit. When fabricating com-

posite laminates care was taken to always maintain the

proper orientations of the plies, therefore a [0/90] 2

laminate always had the warp direction aligned along the

same axis of the laminate and is distinctly different from a

[(0/90)/(90/0] laminate in which the warp direction rotates

90 ° .

For the basic characterization tests a series

of [0/9012S laminates were employed. Specimens were cut

from the panels parallel and perpendicular to the warp

direction. The tension test specimens, standard 1 in. x 9

in. coupons were cut from the panels using a diamond wafing

saw. Each tension specimen was instrumented with a 0/90

strain rosette (Micro-measurements EA-06-125TQ-350) using

M-Bond 200 adhesive. Shear properties were measured by the

two rail shear test and employed a 3-1/4 in. x 6 in. specimen.

The six clearance holes were bored using a diamond core bit.

The rail shear coupons were instrumented with a 0/90 strain

rosette (same as above) rotated 45 ° and positioned along the
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midplane of the test section. Compression properties were

measured using a 1/2 in. x 5 in. IITRI specimen with a 5/8 in.

gage length. Single longitudinal strain gages (EA-06-062EN-350)

were mounted on each surface.

All laminates for the notched strength and

bolted joint test programs were of a quasi-isotropic con-

figuration in one of two stacking sequences,

[(0/90)/(Z45)/(Z45)/(0/90)]ns or [(_45)/(0/90)/(0/90)/(Z45)]ns.

Different laminate thicknesses were achieved by increasing the

number (n) of symmetrically repeated units. Specimens for the

notched strength program were fabricated in two thicknesses,

0.128 in. and 0.384 in. All specimens were made 2 in. x 9 in.

with the hole located in the center of the test section as shown

in figure 2.2-1. Holes of 0.125, 0.250, 0.375 and 0.500 in. were

drilled with diamond core bits and inspected both visually and

ultrasonically for damage. Three replicates were fabricated for

each set of test conditions for a total of 48 specimens.

A sequence of 12 laminates were fabricated for

the bolted joint test program. Table 2.2-1 summarizes the

laminate configura£ions and approximate cured thicknesses

obtained for each. Single fastener bolted joint specimens

were fabricated by curring 12 in. long tensile coupons in

two at midspan of the test section. The width of the

coupons, size of the fastener holes and location of the

fastener holes from the specimen end were made to match the
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Fiaure 2.2-1 Test Coupon Geometry For The Notched Strength

Tests.



Laminate Code

Ia

Ib

Ic

Id

Ie

If

II a

IIb

II c

II d

IIe

IIf
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Table 2.2-1

Stacking Seguenc/Cured

Stacking Conf.

[0/90/±4

[0/90/_4

[0/90/_4

[o/90/_4

[0/9o/_4

[0/90/Z4

5/_45/0/90] 2

5/_45/0/9012s

5/_45/0/9012s

5/_45/0/9014s

5/_45/0/9015s

5/_45/0/9016s

[_45/0/9

[_45/0/9

[Z45/0/9

[_45/0/9

[_45/0/9

[_45/0/9

0/0/90/_45] s

0/0/90/Z4512s

0/0/90/Z4513s

0/0/90/Z4514s

0/0/90/Z4515s

0/0/90/Z4516s

Thickness

Cured Thickness

0.064

0.128

0.192

0.256

0.320

0.384

0.064

0.128

0.192

0.256

0.320

0.384
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fastener holes from the specimen end were made to match the

requirements of the test matrix outlined in table 20-2.

The coupon geometry and key dimensional parameters are

described in figure 2.2-2. The holes were drilled with

diamond core bits and inspected both visually and ultrasoni-

cally for damage. Coupons having holes with delamination

damage were rejected from the test program. A total of three

coupons were fabricated for each test conditons for a total of

216 coupons.

Note that all laminates with thicknesses greater than 24

plies were not tabbed with beveled glass fabric end tabs to

introduce the load. Through a small series of tests it was found

that the fabric specimens could be griped with emory paper using

standard wedge action tension grips with no detrimental effects

on the measured failure loads or locations. Results for the

untabbed specimens were the same as those of tabbed specimens.

Thus, all specimens fabricated with greater than 24 plies were

untabbed.

Prior to testing the thickness, width, hole diameter and

hole location in£o_mation for each test specimen was recorded.

The important dimensional parameters have been included in the

data tables in Appendices A and B.

2.3 Experimental Procedures

Standardized test methods were used in measuring the

basic mechanical properties of the AS4/2220-3 woven fabric
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._igure 2.2-2 Bolted Joint Test Coupon Description
I
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material system but special test methods had to be developed for

the bolted joint test program. Details of these methods are sum-

marized below.

Materials Characterization

The basic property characterization tests were only

carried out for the AS4/2220-3 material system, not the 3501-6

system. Tension tests employed the method specified by ASTM

Standard D3039. The compression tests were carried out using the

methods specified by ASTM Standard D3410 and the shear tests were

carried out using the method prescribed in ASTM Standard D4255.

Although these methods do not specifically cover woven fabrics

they were applied under the assumption that the fabric material

is similar to a 0/90 laminate. The tests were carried out on an

Instron Model 1125 Universal Test Machine and a Daytronic Model

3000 strain conditioning system was used to record the strains.

Notched Strength Tests

The notched strength tests were carried out on a

200K Tinius Olsen Test Machine. Specimens were loaded monotoni-

cally to failure ,and the ultimate failure load recorded. Failed

specimens were tagged and saved for possible later fractographic

analysis.

Bolted Joint Tests

The bolted joint tests were carried out in a single

fastener double lap configuration. A special fixture was
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designed to accomodate the wide range of thicknesses and

geometries demanded by the test program. The fixture is shown in

figure 2.3-1 and has interchangeable inserts for each fastener

size which keep the ratio of the fastener size to the outer

diameter of the washer contraint constant at 2.2. High strength

steel fasteners obtained from SPS Fasteners in Philadelphia were

used to bolt the specimen into the test fixture. Fasteners were

torqued to one of the two specified values using a torque wrench.

The fit between the fastener and the fastener hole in the lami-

nate was quantitatively documented for each specimen. The joint

was monotonically loaded to failure while recording load versus

extension behavior. Ultimate load carried by the laminate as

well as first load drop off (load at which damage first ini-

tiated) values were recorded and reported in the data tables.

All failed specimens were saved for possible fractographic

analysis.

A set of tests were carried out to measure the

corellation between torque and clamping pressure. The bolted

joint tests were carried out at constant clamping pressure since

the different fastener sizes exert different clamping pressures

under conditions of constant torque. Calibration curves were

developed for each of the three fastener sizes using the fixture

shown in figure 2.3-2. The fasteners were strain gaged on

opposing sides of the shaft. Strains were measured for a range

of torques and converted to clamping pressures by knowing the

modulus and cross sectional area of the bolt.
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Figure 2.3-1 Bolted Joint Test Fixture.
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Some post failure studies were conducted on failed

bolt bearing specimens. This was done by sectioning through the

suspected damage areas and using optical microscopy. Visual

inspection of the damage was also useful in identifying failure

modes and locations.

A series of tests were run on AS4/3501 plain

weave fabric if similar specifications (two size and years

per inch) to study the bearing failure characteristics in

woven fabric laminates. The influence of orienting varying

percentages of plies at 45 ° to the loading axis and the

influence on load of fastener size on load carrying effi-

ciency was studied as well as characteristics of failure for

the laminates of different ply ratios.

A modified IITRRI fixture was used to perform

the bolt bearing tests in compression. A figure of the fix-

ture arrangement is shown in figure 2.3-3. Three fastener

sizes were investigated, 1/4, 3/8, and 1/2 inches and the

bolts were torqued to 150 in. ibs. Load deflection behavior

was recorded and the test carried out past the first indica-

tions of failure _ased on load drops or changes in the load-

deflection slope. Ultrasonic c-scan techniques followed by

sectioning and microscopy were used to characterize the

bearing damage at failure.
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3.0 STRENGTH ANALYSIS FORMULATION

The bolted joint strength analysis formulated for

the laminated woven fabric composites investigated in this

research program was based on a 2-D linear elastic stress

analysis employing a point stress failure hypothesis coupled

to a quadratic interaction strength model. This analysis is

consistant with the proposed experimental program which pro-

vides all of the necessary empirical paramters for the develop-

ment of the strength model. A brief outline of the stress

analysis derivation and strength model development is sum-

marized below.

3.1 Stress Analysis

The stress analysis employed is a 2-D linear

elastic plane stress formulation based upon the super-

position of complex variable elasticity solutions of loaded

and unloaded holes in infinite orthotropic plates. It is

similar to the analysis employed by Waszcazk [7] modified to

include a finite width correction, but no correction for

finite length. Loading along the hole boundary was approxi-

mated by a cosine _tress distribution which ignored friction

tractions and assumed perfect fastener fit. The detailed

derivation of this stress analysis is well documented but is

briefly outlined here.

A stress function F is chosen such that

equilibrium and compatibility requirements are met when the

29
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generalized biharmonic equation for an anisotropic plate is

satisfied

84F _4F
$22 -- _ 2S26 8x38y + (2S12 + S66) 8x2--_y2_x4

- 2S1684F/Sx_y 3

_4F (3.1-1)- 2Sll -- = 0
_t 4

where the Sij are the laminate compliances. The mathemati-

cal form of F depends upon the roots of the characteristic

equation generated by the biharmonic equation (i) which is

given below:

SlIR4 - 2S16R3 + (2S12 + S66) R 2 - 2S 26 R + S22 = 0 (3.1-2)

The solution of the characteristic equation yields a set of

complex conjugate roots, RI, R2, RI, R 2 from which the

stress function can be expressed as

F = 2 Re [Fl(a I) + F2(z2)] (3.1-3)

where Fl(zl) and F2(z 2) are analytic functions of the

complex coordinates z I = X + R 1 y and z 2 = x + R 2 y respec-

tively. To simplify the expression, the following functions

are defined:

_F(Zl) 8F(z2) (3.1-4)
#i (Zl) = _2 (z2) =

_z I _z2

The stresses and displacements written in terms of these

functions are:

Ux = _2F/SY 2 = 2 Fe [Rl2#l'(zl) + R22@2"(z2) ]
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cy = a2F/ax2 = 2 Fe [@i" (Zl) + ¢2" (z2)]

• xy = a2F/axay = -2 Re [R 1 @i" (Zl = R2@2"(z2 )]

u = 2 Re [PIe1 (Zl) + P2@2 (z2)] (3.1-5)

v = 2 Re [Ol@l (Zl) + Q2@2 (z2)]

where

P1 = SlIRI2 + SI2 - SI6RI

P2 = SIIR22 + S12 - S16R2

Q1 = S22/RI + SI2RI - S26 (3.1-6)

Q2 = S22/R2 + SI2R2 - $26

Rigid body rotations and displacements have been neglected

in equations (5). By employing the mapping function

_k = Zk-+_2z -2a -R2a

a(l-iR k) k=l,2

the circular boundary of the fastener hole of radius a in

the zk plane is mapped onto a unit circle in the _k plane

(k=l,2) which effectively nondimensionalizes hole size in

the problem. For a given value of z k two values of _k are

obtained, the one which maps into the region outside the

unit circle is the one of interest.

(3.1-7)

In order to solve for the stresses a solution

must be obtained for the stress functions ¢(zi) where i-I,2.
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Requiring that all the stress components be real and single

valued for a loaded hole in an infinite plate with stress

free boundaries results in solutions for _i of the following

form:

_I(Zl ) = BlZl + Alln {,l[Alm_l-m , for m = I,®

_2(z2) = B2z2 + A21n _2+_A2m_2 -m , for m = i,- (3.1-8)

The linear z I and z2 terms are necessary for a uniform

stress at infinity and the in _i terms contribute only when

the applied stress on the hole bondary is nonzero. The ser-

ies of coefficients under the summation are determined from

the boundary conditions.

The solution for an infinite plate with an

unloaded hole subjected to a far field stress oriented at

some arbitrary angle a to the axis defined for the plate

results in the following stress functions:

#l(Zl ) = iPa2!l--i!_ I) [R2sin2s+2cos2+i(2R_i_s+sin2s ]

4 (RI-R 2 ) z l+_z2-a2-Rl 2a2

#2(z2) = iPa2(l-iR2) 2

4(RI-R 2 )
isin2s+2cos _+i(2R _i_ a+sin21_!

z2+_z2-a2-R22a2 1-9)

The solution for a loaded hole in an infinite plate

was obtained by specifying a cosine stress distribution
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along the load bearing surface of the hole. At infinity

the boundary of the plate is stress free thus the linear

terms are dropped. The displacements along the hole boun-

dary must be single valued since stress equilibrium require-

ments are not met. The coefficients of the terms are then

found from the following set of simultaneous equations.

A1-AI+A2-A2 P--_/
27 i

RIAI-RIAI +R2A2-R2A2 = -Px

_ _ $26P x

R 1 2AI-RI2AI+R22A2R22A 2 = - SI2PY- 2_22

S P

AI/RI-AI/RI+A2/R2-A2/R2 = Sl2Px+ _2_IS
22

(3.1-10)

The terms Px and Py are the net force resultants on the

internal boundary of the hole in the x and y directions

respectively. Similarly, by expressing the radial stresses

on the hole boundary in terms of Fourier series and equating

with the series terms in the stress function solution the

coefficients Alm and A2m were obtained. The results are:

AI2 = aPi (I+iR2)/[16(R2-RI)]

A22 = aPi (I+iRI)/[16(R2-R 1 ] (3.1-11)

Alm= A2m = 0 for m = 2,46 ....

Alm= -api(-l)(m-l)/2(2+imR2)/[_m2(m2-4)(R2-Rl)]

A2m = -aPi(-l)(m-l)/2(2+imRl)/[_m2(m2-4) (R2-RI)]
(3.1-12)
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for i = 1,3,5 ....

This completes the solution for the linear

elastic stresses in an infinite, two-dimensional, anisotro-

pic materials with a circular loaded or unloaded hole. This

solution assumes homogeneity but remains valid for symmetric

laminates by using effective laminate elastic contants

determined by classical laminated plate theory. Assuming

the plate strains, determined from the midplane displace-

ments, to be constant through the laminate thickness,

classical lamination theory is invoked to find the stresses

in each layer and lamina strains along the principal

material directions. The total state of stress is obtained

by the superposition of the loaded and unloaded hole solu-

tions.

The constitutive relationship for an orthotropic

sheet which defines the stresses in terms of the lamina

stiffnesses and midplane strains is:

{ai}k = [Q'ij]k{_j'} k (3.1-13)

where the {a'i}k, [Q'ij]k and {¢j,}k are the stresses, stiff-

nesses, and strains respectively, for the k TM ply in the

laminate coordinate system. Stresses in the lamina coor-

dinate system, were obtained through the normal transform-

ation relations for orthogonal materials

{ai}k = [T]k{ai'}k (3.1-14)
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{¢j}k = [T*]k{¢j,}k

where [T] k and [T*] k represent the stress and strain trans-

formation matricies respectively and the primes denote com-

ponents in the laminate coordinate system.

Finite width effects are significant for some

combinations of orthotropy and geometry which are in the

range of realistic designs hence a correction factor is

developed for finite width effects. The correction is devel-

oped by performing a superposition of loaded and unloaded

hole solutions with the following boundary conditions: for

the loaded hole the bolt load, P, is reacted by tensile and

compressive loads of P/2 at +_ and -_ respectively; the

unloaded hole is given tensile stresses per unit thickness

of P/2 at z-. The net result is that the bolt load is

reacted by a stress at infinity which more closely approxi-

mates the finite width solution; the correction however does

not produce an exact solution since the normal and shear

stresses do not go to zero on the edges of the plate.

Comparisons with finite element results showed that for the

laminates analyzed the stresses predicted by this analysis

for geometries in the range 2 (w/D (8 were reasonably

accurate.

The properties used in this study were those

measured for the AS4/2220-3 graphite epoxy woven fabric
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material. Since the stress solution was for a homogeneous

orthotropic material, the effective laminate properties for

each laminate configuration were determined using laminate

analysis for input into the stress analysis.

3.2 Failure Model

The failure model is composed of the

failure hypothesis and strength model. The failure hyothe-

sis employed in this study was the point stress hypothesis

developed by Nuismer and Whitney [22] and later modified by

Pipes, et al [23]. In essence the hypothesis is that

failure of a notched laminate occurs when the stress at a

critical distance, do, from the notch edge along the net

tension failure plane reaches the unnotched strength of the

laminate. The critical distance parameter, do, is a func-

tion of notch radius, R, and is defined in the following

form [23]

do = I/C(R) m (3.2-1)

where the two empirical parameters m and C above are deter-

mined by experiment. The above definition of failure

corresponds to the coupling of the point stress hypothesis

with the maximum stress failure criterion and is based on a

single mode (tensile) failure through the notch. It has

been successfully applied on a laminate basis and for 0 and

90 ° lamina but has not been verified for cases of off-axis

angle plies which exhibit mixed mode fracture resulting from
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multiaxial states of stress. It has also not been shown to

be valid for bolted joints in woven fabric composites lami-

nates.

An extension to the point stress concept

has been proposed [8-11] which defines d o as a function of

8, the polar position around the loaded half of the fastener

hole. This extension along with the assumption of ply-by-

ply analysis violate the original assumptions of single mode

failure. Several variations of strength criteria have been

employed to handle the stress interactions and their contri-

butions to mixed mode failure. The Tsai-Hill criterion was

used in this program since the approximate equivilence of

the quadratic interaction criteria in combination with a

point stress hypothesis has been shown for bolted joint

strength analysis [21].

In two dimensions the mathematical form of

this criterion is summarized below:

a ± (a_!l)2 + (a._2) +(TI___22)2

F 1 F22 FI2

where

FI2 = lamina sheer strength

- °1°2 = 1 (3.2-2)

F12

FI, F 2 = lamina strength in the 1 and 2 directions

respectively, where tension and compression allowables are

employed depending on the sign of the stresses. The stress

components are the ply stresses determined at the critical
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distance, do . Thus, the strength model developed by com-

bining the critical distance hypothesis with the Tsai-Hill

criterion is

oij(r,8) I = o (3.2-3)

r =ro+d o

which says that failure will occur when the stresses at some

position r,8 result in a value of o)I. The critical

distance parameter do is a function of 8 for continuous

fiber composite laminates and thus was assumed to be of the

following mathmatical form based on findings from unidirec-

tional research.

d o = f(R,8) (3.2-4)

This hypothesis was tested and the function F(R,8) deter-

mined from the experimental data and a series of parameter

studies which analyzed the relationship of strength to

constant critical distance parameter.

A modified ply-by-ply strength analysis similar

to that of Garbo and Ogonowski [8] was employed which pre-

dicts failure based on first ply failure excepting matrix

tension failure. _he elimination of matrix tension failure

was accomplished by forming failure ratios Rx, Ry, and Rxy

which quantify the contribution of each respective stress

component in the failure criterion. The general form of

these relations are

al Ol _12
Rx=-- Rx_---- Rx=

XlO X2o Xl 2o
(3.2-5)
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where o= the value determined from the quadratic interaction

criterion employed. If Ry/(Rx+Ry+Rxy))0.5 or Ry)Rx, Ry then

failure is considered a matrix tension failure. When a

matrix tension failure occurs, the transverse allowable,

X2t, is increased by a factor of I.i and calculations

repeated until X2 t = X2 c after which matrix tension failure

is permitted.

The stresses within each ply may be determined

and failure criterion applied at any location r,8 around

the fastener hole to plot ply-by-ply failure maps for the

joint for a specified applied load or the load may be

iterated until first failure is predicted and the failure

stress and location determined. The failure maps do not

account for stress redistribution due to the damage and thus

are only approximate.

3.3 Bearing Failure Model

To model the bearing strength, a semi-

empirical approach developed by Collings [24] for continuous

fiber laminates which utilizes a ply bearing factor K 0 that

is dependent upon _he laminate configuration was modified

for application to fabrics. The ply bearing factor is

defined as

0c
K 0 = --

ab090 (3.3-1)

where a o090 is the average bearing stress in the (0/90)

plies at failure and is ac the ultimate compression strength
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of the basic 0/90 fabric lamina. In a laminate which is

composed of (0/90) plies and (_45) plies the following

linear relationshp is used to define K 0 as a function of the

percentage of _45 ° plies

[Oc(i00-¢)+@Ob090

K0 = i00 Ob090

(3.3-2)

where ¢ is the percentage of _45 ° plies in the laminate.

The bearing strength is then determined as a funciton of the

ratio of (0/90) and (_45) plies from

1 [t090oc + t45ob45] (3.3-4)ob = --

t K O

where Ob45 is the bearing strength for an all _45 laminate.

This simple model was compared with experimental results for

three fastener sizes.



4.0 RESULTS AND DISCUSSION

4.1 Materials Characterization

Basic lamina mechanical properties are

necessary as input for stress analysis and for the nor-

malizaiton of the bolted joint strength results. The basic

mechanical properties of an AS4/2220-3 woven fabric com-

posite lamina were measured using standard testing proce-

dures. The results of these tests were given in table i-i.

Each entry in table 4.1-i is the average of three data

points and as shown the variation in the data was low. The

inplane tensile moduli are almost identical in the warp and

fill directions while there is a small (4%) difference in

strength. The measured compression modulus is 14% lower

than the tensile modulus and the strength is 20% lower in

compression while the difference between the compression

properties in the warp and fill directions is negliable.

These results for the plain weave fabric com-

posite verify that the material is approximately isotropic

in the mutually perpendicular directions aligned with the

fibers in the plan_. It is important to note that the

material response appears to be bimodular; it exhibits dif-

ferent moduli in tension and compression. Also, as expected,

the compression strength is lower than the tension strength.

The difference in compression strength is not significantly

more than that often measured for unidirectional composites

41
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Table 4.1-1

Summary of Mechanical Properties

for Hercules AS4/2220-3 Fabric

Property

EIT

EIC

E2T

E2C

u12

u21

GI2

sIT

sIC

s2T

$2C

S6

English

Ave. St. D

9.29 Msi 0.4

7.96 Msi 0.05

9.28 Msi 0.2

7.87 Msi 0.08

0.05 Msi 0.01

0.04 Msi 0.01

0.69 Msi 0.06

119.9 Ksi 3.4

98.2 Ksi 0.9

124.3 Ksi 1.9

86.9 Ksi 7.0

16.8 Ksi 1.3

SoI.

Ave.

64.0 GPa

54.9 GPa

64.0 GPa

54.1 GPa

0.05

0.04

4.73 GPa

826.6 MPa

677.3 MPa

857.9 MPa

599.3 MPa

116.0 MPa

St.D

2.8

0.65

1.32

0.55

0.01

0.01

0.3

23.1

64.7

13.3

48.1

8.0
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and is not necessarily a result of the fiber undulations.

There was no obvious knee in the stress-strain curve for the

tension tests but there is some indication of nonlinearity

in the compression stress-strain curve. The slight dif-

ference in strength between the warp and fill directions may

be due to the handling of the fibers and/or tension dif-

ferences in the two directions during the weaving process.

A less extensive set of properties was measured

for the AS4/3501-6 system used for a small number of bearing

strength characterization studies and the results are sum-

marized in table 4.1-2. For this material the difference in

properties in the warp and fill directions is more pro-

nounced but the difference between tension and compression

properties is much lower. It is important to point out that

the magnitudes of the properties are comparable to those

measured for the AS4/2220-3 material.

4.2 Notched Strength Results

The notched strength behavior was measured

because it provides an indication of the materials sen-

sitivity to failure initiation at stress concentration sites

under much better defined conditions than bolt loaded holes.

The data also provides a mechanism for comparing tension

field notch sensitivity to loaded hole strength behavior.

The identification of a relationship between loaded and
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Table 4.1-2

Summary of Mechanical Properties

for Hercules AS4/3501-6 Fabric

Property

EIT

E2C

E2T

E2C

GI2

sIT

siC

s2T

$2C

S6

English

8.86 Msi

8.37 Msi

7.90 Msi

7.65 Msi

0.98 Msi

i01.1 Ksi

96.5 Ksi

72.9 Ksi

68.9 Ksi

13.7 Ksi

SoI.

61.1GPa

57.7 GPa

54.5 GPA

52.7 GPa

6.8 GPa

697.1 MPa

665.4 MPa

502.6 MPa

475.1 MPa

71.5 MPa



45

unloaded notched strength, if such a relationship exists,

would help to simplify the data requirements for bolted

joint design and analysis.

Notched strength tests were run for two lami-

nate stacking sequences and two laminate thicknesses (refer

to table 2.0-1). The notched strength data are presented in

figure 4.2-1 for all four test specimen configurations.

From the results it is apparent that both laminate thickness

and stacking sequence influenece notched strength. For both

stacking sequences there was approximately an 8-10% dif-

ference in measured strength at small notch radii while the

difference is smaller, if not negligable, at the larger

radii. The stacking sequence effect appeared nonexistant

for the thin laminates but became significant for the

thicker laminate pair. The smallest notch size (3.2mm)

reduced the laminate strength to 45-50% of the unnotched

strength after which increasing notch size further decreased

strength.

The values of the notch sensitivity parameter, C

and the exponential factor, m are given in figure 4.2-1.

(With the exception of laminate ib the values of m are simi-

lar suggesting that the slopes of the curves are similar.

These parameters along with KTw were used to generate the

notched strength curves (solid line) shown in the figure

according to the relationship
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d0=I/C (R m)

_N/ao=2{ 2+( I+C-IR m-I )-2+3( I+C-IR m-I )-4

-(KT_-3) [5(I+C-IR m-l)-6-7(l+c-IR m-l)-8] }-i

(4.2-1)

(4.2-2)

where KT_=I+ {2[(Ey/E x)0-5-uxy ]+Ey/Gxy } (4.2-3)

and the terms Ex,Ey , Uxy and Gxy are the effective engi-

neering elastic constants for the material.

4.3 Bolted Joint Strength Results

The bolted joint program was designed to

measure the strength and failure mode behavior as a function

of t/D, W/D, fastener diameter, laminate stacking sequence

and fastener torque. In addition, a series of special

compression tests were run to characterize the mechanics of

the bearing failure mode and investigate the applicability

of Collings' [ ] proposed failure model to fabric based lami-

nates.

Over the range of geometries tested in this

program only net tension and bearing failure modes were

observed. No shearout failures occurred, possibly due to

the 0/90 construction of the fabric. Figure 4.3-1 shows

typical net tension and bearing failure modes for the fabric

specimens. In Appendix A a complete tabulation of all the

test data from the bolted joint tests is given. Figures
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summarizing some of the important trends and relationships

are used in the discussion of results which follows.

Influence of Fastener Diameter

Figures 4.3-2 through 4.3-5 show the influence

of fastener diameter on ultimate far field stress (which

will be termed strength) developed in the test coupons under

conditions of constant thickness to fastener diameter and

fastener half spacing, t/D and w/D, respectively. Note that

with t/D=0.33 for both stacking sequences clamping pressures,

strength decreased linearly with increasing fastener

diameter. The apparent deviation from linearity seen in

figure 4.3-2 is an artifact of fastener fit which arises for

the net tension failure mode. The 0.25 in. and 0.50 in.

fasteners had 0.005 in. more clearance than the 0.375 in.

fastener. For net tension failure for the larger clearance

fastener diameters, the failure location shifted from the

minimum cross section and the resulting increase in load

carrying cross sectional area allowed larger failure

strengths. The effect was not noticed for the w/D=6.0

results since the failure mode was bearing. The results for

t/D=0.66 generally'agree with those of the smaller t/D.

A comparison of the results reveals that dif-

ferent stacking sequences and clamping pressures do not

appear to have a significant influence upon joint strength

or the relationship of strength to fastener diameter.
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Influence of Fastener Half Spacing

Results summarizing the influence of fastener

half spacing upon strength and failure mode are presented

for three fastener sizes with constant t/D ratios of 0.33

and 0.66. Figures 4.3-6 through 4.3-11 show the results for

fastener diameters, D=3/16 in., 3/8 in. and 1/2 in. respec-

tively. Over the range of w/D-2.0 to 4.0 there is very

little influence of stacking sequence and clamping pressure

upon joint strength. While the data for the 3/16 and 1/2

inch diamenter fasteners for t/D=0.33 suggest a decrease in

strength with w/D the relation is an artifact of fastener

fit. The plot for the 3/8 in. fastener shows the true rela-

tionship. The results for t/D=0.66 agree with those for

the smaller t/D except that the larger thickness appears to

reduce the influence of fastener fit. A shift from the net

tension to the bearing failure mode was consistantly

observed for all three fastener sizes.

Influence of Clamping Pressure

The influence of torque or clamping pressure on

the strength is presented in figures 4.3-12 to 4.4-17 for

the three fastener sizes with t/D ratios of 0.33 and 0.66.

For the woven fabric laminates investigated constant

strength was measured over the range of torques investigated

except for the bearing failure mode specimens tested for the

3/16 in. fastener diameter with t/D=0.33 where a slight

increase in strength was observed with increasing torque.
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These results are different than results for

continuous fiber laminate composites which exhibit a nonlin-

ear increase in strength with fastener torque up to some

value of torque above which strength is constant with

increasing torque until laminate crushing results from the

torque [25]. Recently, Jurf [26] has shown that the restraining

force developed at failure through the thickness is constant

over a range of fastener torques from finger tight to 50 ft.

ibs. This finding infers that strength should be indepen-

dent of fastener preload since all fasteners develop the same

clamping forces at failure for any material, not just

fabrics. One plausible explanation is the effects of fric-

tional load transfer between the washer and composite plate.

The surface roughness of woven fabric plates is very large

compared to the relative smoothness of the typical continuous

fiber laminate. Thus, frictional effects would be much less

for the rough woven fabric plates since the contact area is

less. This theory is now under investigation.

Influence of Plate Thickness

Figures 4.3-18 to 4.3-23 show the influence of

laminate thickness'on joint strength for pairings of

constant fastener size and fastener half spacing. In

general the strength remains constant with laminate

thickness nondimensionalized by fastener size. The results

for the half inch fastener are the exception where a clear
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decrease in strength with increasing t/D was measured.

There are some interesting observations concerning failure

modes. All laminates tested with w/D=3.0 failed in net ten-

sion through the hole for all values of t/D tested. The

3/16 in. fastener failed in bearing for all values of t/D

investigated at w/D=6.0. The 3/8 in. and the 1/2 in. fasten-

ers shifted from bearing to net tension at t/D increased.

This occurred independent of stacking sequence and fastener

preload. This may be due to the fact that the increase in

cross-sectional area of the net tension plane is constant

for w/D constant whereas the bearing area increases as a

function of D, thus the increase in bearing area shifts the

critical failure mode to net tension for increasing t/D.

Bearinq Failure Mechanics

A series of tests were run with a woven fabric

material of similar weave geometry but composed of a dif-

ferent resin system. The method employed compression tests

on single fastener double lap joints to insure bearing

failures. The purpose was to test the applicability of a

failure model described by Collings [24] for predicting

bearing failure strength of composite laminates in the

[01/_45n/90m] s family to woven fabric laminates.

Collings' model attempts to account for the

dominant modes of failure under constrained compression
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loading in each basic lamina of the laminate and requires

data for constrained compression properties in each lamina.

In a fabric this translates to the properties of 0/90 lami-

nate units and +45 ° lamina units. These properties were

measured and are given in table 4.3-i. One important

characteristic of bearing failures in woven fabric com-

posites consisting of varying amount's of _45 ° plies is the

associated change in the load deflection curve with

increasing percentage of +45 ° plies. Pure 0/90 laminates of

woven fabric bearing failure resulted in linear loading to

first failure followed by load redistribution and reloading

to a level higher than the initial load after which ultimate

failure occurred. Placing +45 ° plies in the system softened

the laminate and resulted in a psuedoplastic response after

first ply failure. Many similar configurations for con-

tinuous fiber composites will not continue to carry loads

equal to no greater than the first failure load.

Strength versus fastener diameter was deter-

mined for laminates consisting of 0, 25, 50, 75 and i00 per

cent +45 ° plies, the balance being (0/90) lamina. Results

are shown in figure 4.3-24 with the far field bearing stress

normalized by laminate ultimate compressive strength.

Notice that increasing the ratio of +45 ° plies from 0 to 100

per cent increases the strength efficiency of the joint by

approximately a factor of two for D=0.25 inches. The
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increase in effeciency decreases slightly with increasing

fastener size. This data along with the basic property data

form the basis for the bearing failure model discussed in

section 5.2.

The damage zone formed at first failure was

investigated by ultrasonic c-scan and by sectioning and

microscopy. Figure 4.3-25 shows the interlaminar damage

zone patterns developed for [0/90], [_45] and [(0/90)/(Z45)

laminates. The interlaminar damage pattern strongly

reflects the orientation of the plies. One specimen was

sectioned along the planes illustrated in figure 4.3-26 and

studied microscopically. The damage observed directly in

front to the fastener is typical of a compression shear type

failure. A higher magnification along one of the shear

cracks shows microbuckling failure of the fiber boundles

(figure 4.3-27). Also visable in figure 4.2-28 are indica-

tions of local crushing of the fibers at the hole boundary.

It was interesting to note that along the plane located at

the 45 ° position the same type of compression failures in

the fibers were observed in the +45 ° plies on one side of

the hole and in the -45 plies on the opposing side.
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Locotion of Photomicrogroph Sections

Figure 4.3-26 Location And Orientation Of Photomicrographs

Taken Of Failed Bearing Specimen.
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r

Figure 4.3-27 Photomicrograph Of Microbuckling Failure Of

Fiber Bundles Due To Bearing Failure.
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Figure 4.3-28 Photomicrograph Of Local Crushing In The
Laminate At The Fastener-Laminate Interface.



5.0 ANALYTICAL RESULTS AND DISCUSSION

The experimental findings discussed in section

4.0 were used to evaluate the applicability of a phenomeno-

logical strength model based on the application of the

Tsai-Hill failure criterion at a critical distance from the

hole boundary and to assess the bearing failure model con-

cept proposed by Collings.

5.1 Bolted Joint Strength Model

The mechanical properties experimentally deter-

mined for the fabric were used as input for the stress ana-

lysis. Assuming the critical distance d o was constant with

angular position around the loaded portion of the hole, a

series of parametric studies was performed in which the

relationships between fastener diameter, critical distance,

fastener half spacing and strength were characterized for

the fabric laminate. Comparison of the experimentally

determined bolted joint strengths with the analytically

generated parametric curves was used to define the function,

f(D,6), for d o in the woven fabric laminate.

Figures 5.1-I and 5.1-2 summarize the predicted

strength of a [(0/90)/_45/_45/(0/90)] woven fabric laminate

as a function of critical distance parameter for the three

fastener sizes investigated and for w/D=3.0 and 6.0 respec-

tively. The plots were developed using the ply properties

82
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given in table 4.1-1 and assumed that d o was constant for 0,8_90.

All failures for this laminate configuration and for the two

w/D's investigated were predicted to occur at the 0 ° loca-

tion which suggests consistant bearing failures. A similar

analysis with w/D=2.0 did result in the prediction of net

tension failures. The results in Figures 5.1-1 and

5.1-2 show that for a constant d 0 the predicted strength

decreases significantly with increasing fastener size and

also that increasing w/D at d 0 constant results in

decreasing predicted strength.

The superposition of experimental bolted joint

results onto these figures is represented by the labelled

constant strength lines, the intersection of these lines

with the analytical curves determines the critical distance

parameter values for each fastener diameter failure mode and

w/D. Two failure modes were observed experimentally for

both w/D values, bearing and net tension. The critical

distance is similar for both failure modes at constant

fastener diameter. Taking average values of the critical

distance for the two failure modes figure 5.1-3 shows the

relationship between critical distance and fastener diameter

for the two w/D values investigated. The relationship is

nearly linear in each case but the slopes are different for

the different values of w/D.

The finding that critical distance is similar

for both net tension and bearing failures implies that the
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parameter d o is constant with location 8 around the hole for

the conditions investigated. This finding is a key dif-

ference in behavior from that reported for continuous fiber

laminates where d o is a function of location and where

failures are predicted in the 30-36 ° location most of the

time. The data suggest linear functions of fastener

diameter for the description of d 0 but there is not enough

data for different values of w/D to describe the width depen-

dence.

5.2 Bearing Failure Model

The ply bearing factor (K) curves as a function

of percent 45 ° plies for the 0.250, 0.375, and the 0.500 in.

diameter fasteners are given in figure 5.2-1. As can be

seen the relationships are linear but with different slope

for each fastener size. Using these K calibration curves

bearing strength predictions as a function of percent 45 °

plies were determined as shown in figure 5.2-2. The symbols

represent actual data from the experiments. The correlation

is good considering that the calibration of the model was

based on limited data and the scatter in the experimental

results large. It is important to note that the maximum

predicted and measured strength occurred for a laminate with

a 50% composition of 45 ° plies. Thus for maximum bolted

joint strength for a laminate made from plain weave fabric

50% of the plies should be oriented at 45 ° .
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6.0 CONCLUSIONS

In general the woven fabric bolted joints exhib-

ited a joint efficiency ranging between 0.2 to 0.35 where

the joint efficiency is defined as the ratio of bolted joint

ultimate far field stress to unnotched tensile strength.

While joint strength was shown to decrease with increasing

fastener size the influences of clamping pressure, w/D, t/D

and stacking sequence on strength were minimal for the lami-

nate configuration investigated. Only bearing and net ten-

sion failures were observed and often both modes were

observed for the same specimen geometry. Where both failure

modes occurred for the same geometry the strengths as deter-

mined by ultimate far field stress were similar for the two

failure modes.

The phenomenological bolted joint strength ana-

lysis works for the fabric laminate investigated and the

functions describing the critical distance were defined for

the two W/D ratios investigated. The critical distance

parameter was found to be a linear function of fastener size

for W/D constant, not the usual power law configuration

assumed by the point stress criterion. Also the critical

distance was not found to be a function of location around

the loaded boundary of the hole for the material and con-

ditions investigated. Since only two w/D ratios were

studied experimentally the functional relationship of criti-

cal distance to w/D could not be adequately defined.

90
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The Collings bearing failure model concept was

shown to work for fabric based laminates with varying com-

position of 45° oriented plies and it was shown that the ply

bearing factor is a function of fastener size. The experi-

mental study showed that the highest joint efficiency for

bearing failures was achieved for laminate configurations

with 50 percent 45° oriented plies. Fractographic analysis

of failed specimens revealed that damage in the 45° plies

was similar to that observed in the 0° oriented plies; the

damage consisted of matrix and fiber compression failure

which extended to locations up to 0.1-0.2 inches from the

hole boundary.

While the Collings based bearing strength model

works for bearing failures it was shown that for the woven

fabric laminates tested in this research program, failure

mode is not predicable based on geometry. Therefore one

canot always know appiori what the failure mode will be and

hence know when the model is applicable. The phenomenologi-

cal strength analysis can be calibrated to accurately model

strength but is no£ very general since geometry affects the

function for the critical distance parameter. The model is

therefore not much more economical to use than the tradi-

tional empirical analyses.



APPENDIX A

Notched Strength Data
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Table la - Notched Strength Results For I b

Laminate Configuration

US CUSTOMARY UNITS

I (0/90/+--45/+45/(0/90)]2S

HOLE

SPEC DI_LMETER

ID (IN)

IA 0.125

2A 0.127

3A 0.120

IB 0.251

2B 0.258

3B 0.257

IC 0.382

2C 0.385

3C 0.382

ID 0.493

*2D 0.508

*3D 0.507

*4D 0.505

*Cut from a dif

SPECIMEN

WIDTH

(IN)

2.003

1.994

2.000

2.002

2.015

1.992

2.004

2.004

2.004

1.990

2.000

2.009

1.997

7erent panel

SPECIMEN

THICKNESS

(IN)

0.129

0.130

0.132

0.129

0.132

0.131

0.130

0.127

0.130

0.126

0.117

0.117

0.115

FAILURE

LOAD

(LB)

14107

14250

14865

11859

12235

12898

11175

10990

10862

9880

10720

10043

10774

FAILURE

STRESS

(Ksi)

54.6

55.0

56.3

45.9

46.0

49.4

42.9

43.2

41.7

39.4

45.8

42.7

46.9
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Table Ib

Laminate
- NotchedStrength
Configuration

S.I

Results

UNITS

for I b

HOLE

5PEC DIA_ETER

ID (mm)

IA 3.175

2A 3.226

3A 3.048

IB 6.375

2B 6.553

3B 6.528

IC 9.703

2C 9.779

3C 9.703

ID 12.522

2D 12.903

3D 12.878

4D 12.827

SPECIMEN

WIDTH

(mm)

50.876

50.648

50.800

50.851

51.181

50.597

50.902

50.902

50.902

50.546

50.800

51.029

50.724

SPECIMKN

THICKNESS

(mm)

3.277

3.302

3.353

3.277

3.353

3.327

3.302

3.226

3.302

3.200

2.972

2.972

2.921

[(0/90)/+45/!45/0/90)]
- 25

FAILURE

LOAD

(kg)

6412

6477

6757

5390

5561

5863

5080

4996

4937

4491

4873

4565

4897

FAILURE

STRESS

MPa

376.4

379.2

388.2

316.5

317.1

340.6

295.8

297.8

287.5

271.6

315.8

294.4

323.3
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Table 2a - NotchedStrength Results for II b,

LaminateConfiguration

U5CUSTOMARYUNITS

[+45/(0/90)/ (0/90)/+45 ] 2S

SPEC

ID

IA

2A

3A

IB

2B

3B

N6C

N5C

N3B

2C

3C

ID

N4B

N2A

NIA

HOLE

DIAMETER

(IN)

0.129

0.125

0.124

0.256

0.250

0.248

0.375

0.374

0.373

0.385

0.379

0.505

0.497

0.496

0.494

SPECIMEN

WIDTH

(IN)

2.007

1.996

2.034

1.999

2.003

2.000

1.993

1.980

1.999

1.988

2.008

1.998

1.996

1.999

2.005

SPECIMEN

THICKNESS

(IN)

0.120

0.119

0.120

0.120

0.119

0.118

0.Iii

0.112

0.112

0.120

0.119

0.121

0.112

0.iii

0.iii

FAILURE

LOAD

(LB)

14166

14798

15175

11902

12574

11965

10099

10311

9527

10963

11036

9364

10043

9186

FAILURE

STRESS

(Ksi)

58.8

62.3

62.2

49.6

52.8

50.7

45.7

46.4

42.5

46.0

46.2

39.8

41.9

45.3

41.3
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Table 2b

Laminate

SPEC

ID

IA

2A

3A

IB

2B

3B

N6C

N5C

N3B

2C

3C

ID

N4B

N2A

NIA

- Notched Strength Results for

Configuration

METRIC UNITS

HOLE

DIA_METER

(mm)

3.277

3.175

3.150

6.502

6.350

6.300

9.525

9.499

9.583

9.779

9.627

12.827

12.624

12.598

12.548

SPECIMEN

WIDTH

(mm)

50.978

50.698

51.664

50.775

50.876

50.800

50.622

50.292

50.775

50.495

51.003

50.698

50.775

50.927

SPECIMEN

THICKNESS

(ram)

3.048

3.023

3.048

3.048

3.023

2.997

2.819

2.845

2.845

3.048

3.023

2.845

2.819

2.819

IIb, [_45/(0/90)/(0/90)/_4512 S

FAILURE

LOAD

(kg)

6439

6726

6898

5410

5715

5439

4581

4677

4321

4983

5016

4247

4555

4167

FAILURE

STRESS

MPa

405.4

429.5

428.8

342.0

364.0

349.5

314.9

320.7

293.5

317.1

318.5

288.9

312.2

284.7
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Table 3a - NotchedStrength Results for If,

LaminateSpecimens
USCUSTOMARYUNITS

[(O/90)/t45/t45/(O/90)]6S

SPEC
ID

IA

3A

IB
2B

3B

IC

2C

3C

ID

2D
3D

HOLE
DIAMETER

(IN)

0.130

0.129
0.259

0.257

0.259

0.380

0.380

0.383

0.506

0.505

0.514

SPECIMEN

WIDTH

(IN)

1.991

2.015

2.004

2.013

1.994

2.005

1.984

1.992

1.989

2.000

2.000

SPECIMEN

THICKNESS

(I_)

0.381

0.385

O. 383

0.380

0.382

0.382

0.381

0.383

O. 383

0.383

0.382

FAILURE

LOAD

(LB)

43750

43650

34050

35870

33980

32440

31840

32610

29270

28550

29770

FAILURE

STRESS

(Ksi)

57.7

56.3

44.4

46.9

44.6

42.4

42.1

42.7

38.4

37.3

39.0

2A - Not drille l,bit broke
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Table 3b - NotchedStrength Results for If, [(0/90/_45/_45/(0/9016S
LaminateConfiguration

SPEC
ID

IA

3A

IB

2B

38
iC

2C

3C
ID

2D

3D

HOLE
DI_:ETER

(_m)

3.302

3.277

6.579
6.528

6.579

9.652

9.652

9.728

12.852

12.827

13.056

METRICUNITS
SPECIMEN
WIDTH
(mm)

SPECIMEN
THICKNESS

(mm)

9.677

9.779

9.728

9.652

9.703

9.703

9.677

9.728

9.728

9.728

9.703

50.571

51.181

50.902

51.130

50.648

50.927

50.394

50.597

50.521

50.800

50.800

FAILURE

LOAD

(kg)

19886

19841

15477

16305

15445

14745

14473

14823

13305

12977

13532

FAILURE

STRESS

MPa

197.8

388.2

306.1

323.3

307.4

292.3

290.3

294.4

264.7

257.2

268.9



98

Table 4a - NotchedStrength Results for
LaminateConfiguration

SPEC
ID

Nil'

N9'

NI2'

N8

N2

N7

N3

N5

N1

NI0'

NIS'

NI6'

'from

IIf,

HOLE
DIAMETER

(IN)

0.135

0.131

0.137

0.245
0.257

0.252

0.373

0.374

0.372

0.497

0.495

0.497

lifferent

USCUSTOMARYUNITS

SPECIMEN
WIDTH
(IN)

1.990

2.002

2.001

2.031

2.001
1.949

1.937

2.010
1.996

1.948

1.998

2.009
inel

[!45/(0/90)/(0/90)/_4516S

SPECIMEN
THICKNESS

(IN)

0.394

0.391

0.400

0.389

0.401

0.374

0.399

0.396

0.384

0.383

0.384

0.402

FAILURE
LOAD
(LB)

37920

40140

38290

33980

31600

31910

26520

28060

27550

26530

27250

28910

FAILURE
STRESS

(Ksi)

48.4

51.3

47.8

43.0

39.4

43.8

34.3

35.3

35.9

35.6

35.5

35.8
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Table 4b - NotchedStrength Results for II f,
LaminateConfiguration

METRIC

SPEC
ID

Nil'

N9'

NI2'

N8

N2

N7

N3

N5

N1

NI0'

NI5'

NI6'

HOLE
D]AMETER

(mm)

3.429

3.327

3.480

6.223

6.274

6.401

9.474

9.499

9.449

12.624

12.573

12.624

5PECIMEK
WIDTH
(ram)

50.546

50.851

50.825

51.587

50.825

49.505

49.200

51.054

50.698

50.668
50.749

51.029

UNITS
SPECI._'EN
THICKNESS

(mm)

10.008

9.931

10.610

9.881

10.185

9.510

10.135

10.058

9.754

9.728

9.754

10.211

[+_45/(0/90)/(0/90)/+-45 ] 6S

FAILURE

LOAD

(kg)

17200.22

18207.20

17368.05

15413.07

14333.07

14474.13

12029.27

12727.80

12496.47

12033.81

12360.39

13113.36

FAILURE

STRESS

MPa

333.56

353.69

329.95

296.63

271.63

301.60

236.66

243.15

247.90

239.50

244.96

246.89



APPENDIX B

Bolted Joint Test Data
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